Abstract. The present work aims at analyzing a comparative study between the strain-based forming limit criterion (FLD) and the stress-based forming limit criterion (FLSD), under linear and complex strain paths. The selected material is an AA5182-0 aluminium alloy. Some relevant remarks about stress-based forming limit criterion concept are presented.
INTRODUCTION
The sheet metal formability is a measure of its ability to deform plastically during a forming process, being mainly limited by the occurrence of flow localization or instability. The theoretical analysis of plastic instability plays a significant role on the optimisation of sheet metal forming process.
The Forming Limit Diagram (FLD), introduced by Keeler and Goodwin, represents a useful concept for characterizing the formability of sheet metal and a very important safety tool in sheet metal forming simulation. Assuming the strong influence of strain path changes on the Forming Limit Diagrams, a stressbased forming limit criterion was proposed by Kleemola and Pelkkikangas, and Arrieux, Bedrin and Boivin. This concept seems to be independent of the strain path changes and its utility was promoted as solution to the analysis of multi-stage forming processes. Stoughton [1] remarked that by observing the stress distributions, is possible to determine the desired processing conditions more quickly.
The present work aims at analyzing a comparative study between the strain-based forming limit criterion (FLD) and the stress-based forming limit criterion (FLSD), under linear and complex strain paths. The 
EXPERIMENTAL DETERMINATION OF THE SHEET FORMING LIMITS

Strain-Based Forming Limits
An electro-chemical method was used to print on the surface of the test-pieces a grid of circles of 2.5mm and 5mm diameter pattern respective to uniaxial tension test and 5mm respective to bulge test. The strains were calculated from measurements of deformed grids using a NC Profile Projector having an accuracy of ±1 µm. All strains were measured on the top surface in true sense:
The onset of localized necking was determined from strain distribution profiles near the necking region through the use of the Bragard method.
Stress-Based Forming Limits
The stress-based forming limit curve represents the forming limit diagram expressed by using the principal stress components in-plane of the sheet. The stress states cannot be determined directly on experimental parts and this operation generally needs a plastic calculation. Based on the experimental forming limit strains and using the plasticity theory, the forming limit stresses are computed.
The effective strain is the time integral of the effective strain rate, which is computed through the plastic strain rate potential, representing the dual conjugate of stress potential, as a function of the strain rate tensor components.
In the present work, the effective strain is obtained for Hill 48 yield function through the corresponding plastic strain rate potential presented by Stoughton in his paper [1] , while for Yld96 yield function through a numerical method.
THEORETICAL COMPUTATION OF THE SHEET FORMING LIMITS
The simulation of plastic instability is carried out in the framework of heterogeneous materials using the Marciniak-Kuczinsky (M-K) analysis [2] coupled with the Theory of Plasticity. The M-K model is based on the growth of an initial defect in the form of a narrow band inclined at an angle Ψo with respect to the principal axis. The initial value of the geometrical defect characterized by the ratio of the initial thicknesses in the homogeneous region and in the groove is considered to be equal to 0.9965. The rigid plasticity behaviour, the plane stress condition and isotropic work hardening of the material are assumed. The here presented numerical results have been obtained using FLDcode [3] , a modular and userfriendly code for plastic flow localization prediction under linear and complex strain path changes.
The computations of homogeneous and heterogeneous zone are considered independently, being their connection realized through the M-K conditions: force equilibrium and geometrical compatibility. Small increments of equivalent strain are imposed in the homogeneous region. Through the Theory of Plasticity, the stress and strain state in the homogeneous zone is computed. In order to define the strain and stress state in the heterogeneous zone, the Newton-Raphson method is applied to solve a system of two polynomial functions obtained by the "Yield Criterion" and the deformation "Compatibility" requirement in longitudinal direction of the necking band.
When the necking criterion is reached, the computation is stopped and the corresponding strains and stresses, accumulated at that moment in the homogeneous zone, are the limit strains and limit stresses, respectively. The analysis is repeated for different initial orientations of the groove in the range between 0 and 90 degrees. The limit point on the FLD and FLSD, respectively, is obtained after minimization of the curves of principal strain and principal stress, respectively, versus Ψo.
Review Of The Considered Yield Function
Quadratic Hill's Yield Criterion (Hill 1948) To take into account the anisotropy, Hill'48 yield function [4] is expressed as:
where F, G, H, P could be calculated using the anisotropy coefficients 0 R , 45 R and 90 R .
Barlat's Yld96 Yield Function
Barlat yield function YLD96 [5] 
In equation (3) a is a material parameter and s 1 , s 2 , s 3 are the principal values of the so-called isotropic plasticity equivalent stress s, which is given by:
where L is a fourth-order symmetric and deviatoric tensor that depends, in case of an orthotropic material, on three independent parameters c 1 , c 2 and c 3 , while σ σ σ σ is the Cauchy stress tensor.
The coefficients α 1 , α 2 , α 3 are computed using the transformation:
p is the transformation matrix between the principal direction of s and the principal axes of anisotropy; α x , α y and α z are quantities related to the anisotropy of the materials and depend on the angles β 1 , β 2 , β 3 between the principal directions of the stress tensor and the anisotropic axes.
RESULTS AND DISCUSSION
"Instituto de Engenharia Mecânica e Gestão Industrial" (INEGI, Porto), performed the experimental work for material characterization and experimental FLDs determination.
Materials Characterization
The mechanical behaviour for the AA5182-0 aluminium alloy was determined in uniaxial tension along different directions. The corresponding yield stresses and r-values are given in Table 1 . 
Forming Strain And Stress Limits
The experimental FLDs, were determined for linear strain paths at 0º from RD (LSP) namely, uniaxial tension (UT), plane strain (PS) and biaxial stretching with circular (BS) and elliptical die rings and for complex strain paths involving uniaxial tension followed by biaxial stretching (UT-BS) and biaxial stretching followed by uniaxial tension (BS-UT). Prestraining in uniaxial tension at 0º from RD up to 7% followed by stretching with d elliptical die rings (UT-X) was also performed. results on the reproducibility of the corresponding experimental data, good predictions on the Forming Limit Stress Diagrams for both considered yield function are observed. It could be concluded that Hill'48 yield function coupled with Voce hardening law is able to correctly predict the forming limits of the AA5182-0 aluminium alloy from stress state sight. Hence, emerges the question if this is a right conclusion when the necking occurrence is analysed from the limit strains point of view. Observing Fig.2 that shows the corresponding strain-based forming limit diagrams, it is noticed that only the YLD96 yield function is able to predict with an excellent accuracy the experimental shape of FLD whereas Hill'48 yield function considerable overestimates the right part of the diagram. This effect appears because a small stress increment is correlated with a large strain increment especially in the necking occurrence region. Accordingly, an insignificant error in the forming limit stress prediction allows a substantial error in the forming limit strain prediction. Therefore, good prediction on the stress-based forming limits doesn't allow always to a correct analysis on the material formability. A solution of this problem could be the assurance of the accuracy on the forming limit prediction from the stress perspective as from the strain perspective by use of proper plastic potential and hardening law in order to have the best characterization of the plastic behaviour of the material.
Before starting the analysis of sheet metal formability under complex loadings, it is essential to remark that if the primary strain path is characterized by the stress ratio and strain ration (α 1 , ρ 1 ), the second strain path by (α 2 , ρ 2 ) then the resulting third strain path is defined by (α 3 , ρ 3 ). In the previous works related to stress-based forming limits, the forming limit stresses are computed as a function of the accumulated equivalent stress at the end of the secondary stage, obtained through the hardening model, and the stress ratio characterizing the second strain path. Figure 4 shows the influence of the assumed strain path in the computation of the experimental stress state in the case of complex loadings. The well known strong dependence of strain-based forming limits on the strain path changes can be observed from the Fig. 5 . As expected tensile prestrain along RD shifts the whole FLD to the left, raising the strain limits in biaxial tension region and consequently increasing the slope of right-hand side of FLD, while equibiaxial prestrain shifts the curve to the right, allowing to a loss of formability on the entire curve. Figures 6 and 7 illustrate the experimental and theoretical stress-based forming limits obtained by using the Hill'48 yield function and Voce hardening law, under linear and several complex strain paths. The forming limit stresses under strain path changes presented in Fig.6 are computed by relating to the second strain path while the ones presented in Fig.7 are computed by relating to the third strain path (see Fig.3 ). Figure 6 shows that the experimental and predicted forming limit stresses during the various complex strain paths are overlaid on the ones attained during linear strain path. Therefore, the independence of the stress-based forming limit diagram on the strain path changes could be assumed. This is a consequence of the computation of the stress forming limits by no taking into account the strain path changes, through the assumed hardening model or stress ratio.
When the forming limit stresses under strain path changes are computed by relating to the third strain path, the influence of strain path changes is well defined. A similar effect like in the case of strainbased forming limits is observed. Tensile prestrains allow an increase on formability while biaxial prestrains allow a loss of formability. From both concepts of forming limits point of view it is noticed an increase of formability for a strain history involving uniaxial tension prestrain followed by equibiaxial stretching and a drop of formability for a strain history involving an equibiaxial prestrain followed by uniaxial tension. As expected, such effects are more evident in terms of strain-based forming limits.
CONCLUSIONS
Assuring the independence of stress-based forming limits on the strain path changes by computing the stress state related to the second strain path, a combination of the strain-based forming limit criterion and stress-based forming limit criterion seems to be a promising approach, when appropriate constitutive equations, capable to describe with a high precision the plastic behavior of the material, are applied.
Since the stress-based forming limits under complex strain paths are computed by relating to the third strain path, which is the result of combination of the first and second strain path, the same effect on dependence of the strain path changes on both concepts of forming limits is observed. Hence, there is no advantage in use of stress-based forming limit concept instead of strain based-based forming limit concept. 
